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ABSTRACT

Spinach ( Spinacia oleracea L.) chloroplasts solubilized by digitonin were
separated into five fractions by sucrose density gradient centrifugation.
Three of the fractions, Fi, Fi, and Fii, corresponding to photosystem I,
photosystem II, and the chlorophyll a/b complex, were purified further by
two steps of diethylaminoethyl-cellulose chromatography followed by elec-
trofocusing on an Ampholine column. The polypeptide patterns of the
fractions were examined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and the spectral properties of the fractions at —196 C
determined by absorption spectra, fourth derivative curves of the absorption
spectra, fluorescence emission spectra, and fluorescence excitation spectra.
The activity of purified Fii (photosystem II) was also assayed by the
photoreduction of dichlorophenol-indophenol at room temperature using
1,5-diphenylcarbohydrazine as the electron donor and by the photoreduc-
tion of C-550 at —196 C. The different fractions showed unique polypeptide
patterns and unique sets of low temperature-absorbing forms of chlorophyll.
The fluorescence emission spectra of Fi, Fu, and Fi;; at =196 C were also
unique with maxima at 734, 685 and 681 nm, respectively. F; showed
negligible emission at wavelengths shorter than 700 nm and the long
wavelength tails of Fy; and Fy;; in the 730 nm region were relatively small
(approximately 10% of emission of their wavelength maxima). Addition of
0.1% Triton to Fi and Fi; caused the longer wavelength absorbing forms of
chlorophyll to shift to 670 nm and the fluorescence emission maxima (of
both fractions) to shift to 679 nm at —196 C with an increase in the yield
of fluorescence especially in the case of F..

The fluorescence emission spectrum of Chl of green plants at
—196 C shows emission bands near 685 nm, 695 nm, and 735 nm
which have been associated with the three main types of antenna
Chl, namely, the light-harvesting Chl a/b complex, the antenna
Chl a associated with PSII units, and the antenna Chl a of PSI
units, respectively (6). Recently, photochemical models have been
developed which permit an analysis of energy distribution in the
photosynthetic apparatus, including the yields of fluorescence and
photochemistry from PSI and PSII, from measurements of fluo-
rescence at —196 C (6, 8). That analysis, however, depends criti-
cally on the fluorescence emission spectra from the three types of
Chl which fluoresce at —196 C. To a first approximation the
photochemical models assume that the fluorescence measured at
680 nm at —196 C is representative of the fluorescence from the
Chl a/b complex, that measured at 694 nm at —196 C is repre-
sentative of the fluorescence from the antenna Chl of PSII, and
that measured at 730 nm at —196 C is representative of the
fluorescence from the antenna Chl of PSI. The validity of those
assumptions depends on the extent to which the emission spectra
of the three types of Chl overlap one another. The purpose of the

T This work was supported by National Science Foundation Grant PCM
76-07111.
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present work was to extract and purify the three types of Chl
complexes and to measure their fluorescence and absorption
properties at —196 C. In the course of this work which involved
fairly extensive purification procedures, the photochemical prop-
erties and polypeptide profiles of the fractions were also examined
at different stages of purity.

MATERIALS AND METHODS

The initial purification procedures followed those of Wessels et
al. (19) and Huzisige et al. (10) with some modifications. Chloro-
plasts which had been prepared by the method of Yamashita and
Butler (20) in STN buffer (0.4 M sucrose, 0.05 M Tris-HCI [pH
7.8], 0.01 M NaCl) with 5 mm MgCl; and 20 mM sodium ascorbate
were centrifuged and resuspended at 3.5 to 4 mg of Chl/ml in
0.05 M Tris-HCI (pH 7.8), with 5 mm MgCl; and 1.25% digitonin.
After 1 hr at 0 C with stirring, the suspension was centrifuged at
1,000g for 2 min to remove debris and the supernatant centrifuged
again at 30,000g for 1 hr at 0 C. The supernatant containing about
30% of the Chl with an a/b ratio of 5:8 was discarded and the
pellet, now somewhat enriched in PSII, was resuspended in a
medium containing 0.05 M Tris-HCI (pH 7.8) with 5 mm MgCl,,
0.35 M NaCl, and 1.25% digitonin. After 18 to 20 hr at 0 C with
stirring, the suspension was centrifuged at 100,000g for 1 hrat 0 C.
The pellet was discarded and the supernatant (1- to 1.5-ml aliquots
containing about 700 pug of Chl) was placed in each of six centri-
fuge tubes on a sucrose density gradient, 10 to 30% sucrose in 0.05
M Tris-HC1 (pH 7.8), 5 mm MgCl,, and 0.5% digitonin, and
centrifuged 40 to 48 hr at 90,000g at 0 C in an SW 27 rotor. After
equilibration had been reached four or five green bands were
apparent in the centrifuge tube depending on whether or not the
top band could be resolved visually into two bands. Fractions (0.4
ml) were removed from the top of the centrifuge tube with an
Instrumentation Specialties Co. model 640 density gradient frac-
tionator which continuously monitored the A at 280 nm. Absorp-
tion spectra were measured at room temperature and at —196 C
on the 0.4-ml fractions. Fractions from a parallel experiment were
assayed for PSII activity as the rate of photoreduction of DPIP?
with DPC as the electron donor. The P700 content of the fractions
was determined from the extent of the light-induced absorbance
change at 703 nm at —196 C. The profiles of the various assays
made on the fractions from the sucrose density gradient centrifu-
gation are shown in Figure 1.

The fraction, Fu, enriched in PSII activity was collected by
inserting a syringe needle at the appropriate level on the centrifuge
tube and removing 3 to 5 ml, depending on the size of the band.
Approximately 25 ml collected from each set of six tubes was
placed on a Sephadex G-25 column and eluted with 0.05 M Tris-
HCI (pH 7.2) with 0.2% digitonin. The green filtrate was collected
and placed on a DEAE-cellulose (DE23) column (2.2 X 3.8 cm)

2 Abbreviations: DPIP: 2,6-dichlorophenol-indophenol; DPC: 1,5-di-
phenylcarbohydrazine; SDS-PAGE, sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis.
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and washed first with 0.05 M Tris-HCI (pH 7.2) and second with
0.075 M Tris-HCI (pH 7.2), both with 0.2% digitonin. The second
wash eluted Chl fractions which contained P700 and Chl 5 but no
PSII activity. All of the PSII activity was eluted in the next batch
elution step made with 0.075 M Tris-HCI (pH 7.2), 0.05 M NaCl,
and 0.2% digitonin. This latter fraction was diluted one-tenth with
0.2% digitonin, adsorbed onto a DEAE-cellulose column (1.8 X
2.3 cm) again, washed with 0.075 M Tris-HCI (pH 7.2), and eluted
with 0.075 M Tris-HCI (pH 7.2) plus 0.05 M NaCl, both with 0.2%
digitonin. Figure 2 shows a gradient elution from DEAE-cellulose.
Washing with a 0.075 M Tris-HCl and 0.2% digitonin solution (the
first 75 fractions) removed the fraction containing P700 and Chl
b. The gradient elution with NaCl removed the remainder of the
Chl by the time the concentration of NaCl reached 0.05 M. Some
carotenoids remained on the column.

The PSII fraction eluted from the DEAE-cellulose was p!
for electrofocusing by dialysis against 5 mm Tris-HCl1 (pH 7.2)
with 0.2% digitonin for 2 hr followed by dialysis against a 0.5%
ampholyte solution with 0.2% digitonin for 4 hr. The dialyzed
material was then placed in the middle of the Ampholine column
(LKB ampholyte 1.5-0.5% from bottom to top) stabilized by a 0
to 50% sucrose density gradient. The electrofocusing on the Am-
pholine column was run at about 1.2 w for 40 to 45 hr at 2 C. The
pH profile of the fractions from the Ampholine column as well as
absorbance and fluorescence data are shown in Figure 3. Two
colorless protein bands were found at the two ends of the column.
The absorbance measurements at 673 nm show that the major Chl
a band was found at an isoelectric pH of 4.55 with a much smaller
band at 4.25 which contained approximately equal amounts of
Chl a and Chl b. This latter band which appeared to be the last
vestige of the Chl a/b contamination had a very high yield of Chl
fluorescence. For measurements of PSII activity the pH of the
4.55 isoelectric point material was adjusted to pH 7.2.

The Fi fraction from the sucrose density gradient separation
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FIG. 1. Fractions obtained from sucrose gradient tube. Bottom panel;
elution profile scanned at 280 nm. Middle panel: wavelength of the
absorption maximum in the red band (O) and the 4 at that wavelength
(@) both measured at 20 C. Top panel: relative amount of P700 (4),
relative rate of DPIP photoreduction (@), and the ratio of the A at 650 nm
to that of the red maximum at 20 C (O).
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was also purified further by DEAE-cellulose column chromatog-
raphy and electrofocusing on an Ampholine column. A 25-ml
sample of Fr collected by syringe from six centrifuge tubes was
eluted through a Sephadex G-25 column with 0.01 M Tris-HC1
(pH 7.2) with 0.2% digitonin. The green filtrate was adsorbed onto
DEAE-cellulose (DE23), washed with 0.01 M Tris-HC1 (pH 7.2)
with 0.2% digitonin and eluted with 0.075 m Tris-HCI (pH 7.2)
with 0.2% digitonin. The DEAE-cellulose step was repeated and
the material was prepared for the electrofocusing by the same
procedure used for Fu. The Fi band focused at an isoelectric pH
of about 4.7 on the Ampholine column. A purified Fin fraction
containing equal amounts of Chl a and b was also taken off the
Ampholine column at an isoelectric pH of 4.25.

PSII activity was measured as the rate of photoreduction of
DPIP at 580 nm in a Cary model 17 spectrophotometer. The
fractions (2-10 pug of Chl) were suspended in 1.5-ml samples
containing 75 umol of Tris-HCI (pH 7.2), 0.05 pmol of DPIP, 1.5
umol of DPC, and 3% ethanol.

Absorption spectra and fluorescence excitation at —196 C were
measured with a computer-linked single beam spectrophotometer
(4, 11). Fluorescence emission spectra at —196 C were measured
from the top surface of the frozen sample with a fiber optics (15).
Fluorescence was excited at 633 nm and measured through a
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FiG. 2. Gradient elution from DEAE-cellulose column. The column
(2.2 x 3.8 cm) was washed with 0.075 M Tris-HCl (pH 7.2) plus 0.2%
digitonin, then eluted with the same buffer at increasing NaCl concentra-
tion (——-). A of 1-ml fractions was measured at the absorption maximum
of the red band (——, @).
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F1G. 3. Fractions obtained from Ampholine column (LKB, 110 ml).
pH range of the carrier ampholyte, 4 to 6. For each fraction (1.1 ml), the
pH (@) and the 4 at 280 nm (O) and at 673 nm (@) were measured at
20 C. The relative fluorescence intensities at the emission maximum
(681-685 nm) of the fractions (A) were measured at —196 C.
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monochromator with a 2 nm pass band.

SDS-PAGE was carried out on a slab gel (10% acrylamide) by
the method of Laemmli (12). The sample solution containing 0.2
to 0.5 ug of Chl, 10% glycerol. 5% mercaptoethanol, 2.3% SDS (by
weight), 0.0625 M Tris-HCI (pH 6.8), and 0.005% bromophenol
blue was heated for 1 min at 100 C. The polypeptide bands were
stained with 0.05% Coomassie blue, 10% acetic acid, and 25%
isopropyl alcohol for 2 hr and destained in 10% acetic acid and
10% isopropyl alcohol overnight. After drying, photographs of the
stained slab gels were taken on Polaroid No. 55 P.N film and
densitometer tracings were made from the negative film with a
microdensitometer (Joyce, Loebl and Co.).

Chl concentrations and Chl a/b ratios were determined by the
method of Arnon (1). For fractions which contain extremely small
amounts of Chl b such as the Fy fraction from the Ampholine
column the Chl a/b ratio was determined by the spectrofluoro-
metric method of Boardman and Thorne (2). The relative C-550
content was determined from the light-induced 4 changes at 546
nm measured at —196 C on fractions of known Chl content.

RESULTS

The five components separated by the initial sucrose density
centrifugation shown in Figure | are labeled sequentially from F;
to Fy starting from the bottom of the centrifuge tube in accordance
with the nomenclature of Wessels et al. (19). The profiles of the
measurements of P700, the photoreduction of DPIP supported by
DPC, and the relative 4 at 650 nm on the various fractions
establish that Fi, Fi, and Fin are components highly enriched in
PSI, PSII, and the Chl a/b protein, respectively, in agreement
with the findings of Wessels et al. (19).

Absorption and fluorescence emission spectra measured at
—196 C on the peak fractions of each of the components are
shown in Figure 4 along with the fourth derivative curves of the
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F1G. 4. Absorption and fluorescence emission spectra measured at
—196 C on the peak fractions shown in Figure 1. The fourth derivatives of
the absorption spectra are shown by curves labeled A™. Chl concentrations
of fractions Fi, Fu, Fum, Fiv, and Fy were 11, 10, 12, 8, and 6 pg/ml,

respectively.
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absorption spectra. The multiplication factors adjacent to the
emission spectra indicate the factor by which the sensitivity was
increased for the fluorescence measurements. The Chl concentra-
tions of the various samples were approximately equal so that
those factors indicate roughly the relative fluorescence yields of
the fractions; ie. the fluorescence yield of Fyy was about four
times that of Fir and eight times that of F. In general the spectral
characteristics of Fi, Fi, and Fm conform to expectations with
almost all of the Chl b (649 nm absorption maximum) being
associated with Fiy and with the absorption and fluorescence
maxima of F; being at longer wavelengths than those of Fy; and
both being at longer wavelengths than the maxima of Fu.

Most of the carotenoid pigments are associated with Fiv and
Fv. In order to determine whether the carotenoid pigments were
closely associated with the Chl in those fractions, fluorescence
excitation spectra were measured at —196 C. Those spectra, shown
in Figure 5, indicate that the efficiency of energy transfer from
carotenoid pigments in Chl a is quite high in Fiv but not in Fy.
We conclude, therefore, that carotenoid pigments are on the same
particles (or the same proteins) as the Chl molecules in Fiv. The
transfer of energy from carotenoid to Chl suggests that the Fiv
particles may play a light-harvesting role in the photochemical
apparatus but, if so, the details of that interaction are unknown.
The shorter wavelength absorption maximum of the red band of
Fv at room temperature (i.e. 670 nm versus 673 nm for Fyy, Fu,
and Fy and 677 nm for F;, see middle panel of Fig. 1) suggests
that Chl in this fraction is less aggregated. Fv may contain “free
pigments” which have been separated from the functional particles
by the separation procedures.

The fourth derivative spectra in Figure 4 indicate that there is
some cross-contamination between the various fractions. For ex-
ample, the appearance of a band at 649 nm in the fourth derivative
spectra of Fi, Fn, and Fiv indicate that these components are
contaminated to some extent with Fri. Polypeptide patterns (Fig.
6) obtained from the SDS-PAGE of the various components also
indicate some cross-contamination. For example, the doublet near
the relative migration position of 4, which is characteristic of Fi,
is also present in Fi. Also, the band characteristic of F; appears
to be present in the patterns of Fiy and Fu.

Most of the contamination of Fy with Fi and Fur can be
removed by the DEAE-cellulose column (Fig. 2) and the small
amount of Fir which does remain is separated from Fy by the
electrofocusing procedure (Fig. 3). The electrofocusing also re-
moves significant amounts of nonchlorophyllous protein at the
two pH extremes of the column. The SDS-PAGE of Fy from the
Ampholine column (Fig. 7) confirms that the doublet (bands A
and B) at the relative migration position of about 4 is due to Fi.
Four other polypeptide bands, C, D, E and F, are also a part of
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FiG. 5. Fluorescence excitation spectra for peak fractions of Fiv and
Fv measured at 681 nm at —196 C. The fluorescence was excited with
monochromatic light with a 2.8 nm pass band. Chl concentrations for
fractions Frv and Fv were 8 and 6 ug/ml, respectively.
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FiG. 6. Densitometric traces of SDS-PAGE of the 100,000g superna-
tant of digitonin extracts (CHL) and of the five fractions (F: to Fv)
obtained by sucrose gradient centrifugation of the digitonin extract run as
described under “Materials and Methods.”

RELATIVE MIGRATION
0 2 4 © 8
Tt g N SR
ﬁ
I
| o
A I
|
[\
J I |

ABSORBANC
& @
i
<
;
2

450
5(

A / \ vV

F1G. 7. SDS-PAGE pattern of the purified Fu preparations (A) and
the densitometric trace (B). Purified samples of bovine albumin (67,000),
ovalbumin (45,000), chymotrypsinogen A (25,000), and horse heart Cyt ¢
(12,400) from Mann Research Laboratories used as mol wt markers are
indicated at the vertical lines.

Fu. The spectral properties of the purified Fi; at —196 C are shown
in Figure 8. The fourth derivative spectrum resolves the main Chl
band into two components absorbing at 670 and 683 nm. Some
carotenoid pigments are also apparent in the absorption spectrum.
The fluorescence excitation spectrum was also measured on the
Fu fraction at —196 C (Fig. 8B) to determine if both of the
absorption bands in the red contributed to fluorescence. Unfor-
tunately this could not be determined for the 685 nm emission
band because of its close spectral proximity to the absorption
bands so the excitation spectrum was measured for the 750 nm

SATOH AND BUTLER

Plant Physiol. Vol. 61, 1978

satellite emission band. The shape of the fluorescence excitation
is very similar to the shape of the absorption spectrum. We
conclude that 683 nm absorbing form of Chl is responsible for the
685 nm emission band and that the 670 nm absorbing form
transfers its excitation energy to the 683 nm form.

The F; component from the sucrose density gradient centrifu-
gation was also purified further by DEAE-cellulose column chro-
matography and electrofocusing on the Ampholine column to
determine whether the fluorescence of Fi in the 680 nm region in
Figure 4 was due to F; or to contamination, probably by Fin. The
spectral properties at —196 C of the Fi component after the
electrofocusing step are shown in Figure 9. The further purifica-
tion of Fy, in fact, did remove the 680 nm fluorescence and left a
single emission band with a maximum at 734 nm. A small amount
of the Chl a/b protein was also recovered from the Ampholine
column. The fourth derivative spectrum of the purified Fi fraction
resolves four absorption bands in the red region at 663, 679, 688,
and 695 nm. C-705, which does not appear in the fourth derivative
spectrum because of its relatively broad band width, is apparent
in the long wavelength tail of the absorption spectrum. C-705 is
also apparent in the fluorescent excitation spectrum of the purified
F; fraction measured at 735 nm at —196 C (Fig. 10) as are
carotenoid excitation bands.
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Fi1G. 8. Absorption and fluorescence emission spectra (A) and fluores-
cence excitation spectra measured at 750 nm (B) for the purified Fu
preparations at —196 C. Pass band for fluorescence excitation, 1.1 nm; Chl
concentration, 15 pg/ml.
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FIG. 9. Absorption and fluorescence emission spectra for the purified
F; preparations at —196 C. Chl concentration, 16 ug/ml.
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The fluorescence excitation spectrum of F shows an excitation
band at about 647 nm which is of interest for questions of energy
distribution. The band is not due to Chl b since F; at this stage of
purity contains no Chl b. The excitation band at 647 nm for PSI
fluorescence at —196 C is also apparent in leaves at early stages of
greening before any Chl b has appeared (18). Thus, both PSI and
PSII have excitation bands near 650 nm, that of PSII being due to
Chl b since the Chl a/b complex serves almost entirely as antenna
Chl for PSII (8). It has been shown experimentally that the
wavelength distribution of energy to PSI and PSII is practically
constant from 570 to 680 nm (11). The reason that 650 nm light
does not show a strong preference for PSII excitation is that PSI
also has an excitation band in the same region as Chl b.

The fluorescence emission spectra of F, Fii, and Fi taken from
the Ampholine columns are compared in Figure 11. The emission
spectrum of Fr agrees quite well with that measured previously
on the purified Chl a/b protein at —196 C (7). The spectra of the
purified components also agree reasonably well with the individ-
ual spectra obtained from the deconvolution of the fluorescence
spectrum of a green leaf at —196 C into its three constituent

RELATIVE FLUORESCENCE INTENSITY

) 750 500 550 660 550 706 750
WAVELENGTH OF EXCITATION (nm)

FiG. 10. Fluorescence excitation spectra measured at 735 nm for the
purified F; preparations at —196 C in the blue (A) and the red (B) regions.
Pass band for fluorescence excitation, 2.8 nm.
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FiG. 11. Comparison of the fluorescence emission spectra of the puri-
fied F1, Fu, and Fu preparations measured at —196 C. Peak intensities are
normalized.
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components (17). The major discrepancy is the shift of the emis-
sion maximum of Fy; from 694 nm in vivo to 685 nm in the purified
fraction. The emission spectra in Figure 11 confirm that the
emission of F is negligible in the 650 to 700 nm region and that
the long wavelength emissions of Fir and Fin in the 730 nm region
are quite low. Thus, the emission spectra of the purified compo-
nents are in agreement with the assumptions made about the
emission spectra.

The Purified Fi Fraction. The Fn fraction from the Ampholine
column represents a higher state of purity of PSII than has been
obtained previously (19) since the electrofocusing step (Fig. 3) did
separate an appreciable amount of protein and some Chl b from
Fu. Some properties of the Fn fraction after the different stages of
purification are indicated in Table I. The Fn fraction from the
Ampbholine column retained PSII activity with the rate of photo-
reduction of DPIP from DPC being about twice that found with
chloroplasts on an equal Chl basis. The content of C-550 was
markedly enriched in the purified Fy particles. The light-induced
A changes due to irradiation at —196 C are shown in Figure 12
for a particular Fy fraction and for chloroplasts at an equal Chl
concentration (2 mm thick sample with 14 ug of Chl/ml). C-550
is scarcely detectable in the dilute suspension of chloroplasts
(curve a) but it is clearly apparent in the Fu fractions. The
midpoint potential of C-550 may have been increased somewhat
during the purification since normally C-550 is in the fully oxi-
dized state in the dark. However, with some preparations from
some Ampholine columns, the C-550 appeared to be partially
reduced since the addition of ferricyanide prior to freezing in-
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FiG. 12. Light-minus-dark difference spectra of the purified Fu prep-
arations at —196 C due to irradiation with white light. a: chloroplasts; b:
purified F; ¢: purified Fi with 0.5 mM sodium ascorbate; d: purified Fu
with 0.5 mMm potassium ferricyanide. Chl concentrations for all of the
samples were 14 pg/ml.

TABLE I. Purification of PSII pigment complex (Pu) from spinach chloroplasts

Chl Photochemical activities
Preparation Total amount Chl a/Chl b DPIP reduction by DPC €-550 content
mg ratio umol/mg Chlehr relative amount/Chl
*
Chloroplasts 52.0 3.1 159 100
Following sucrose
gradient centrifugation 441 5.5 200 380
Following DEAE
column chromatography 2.1 10.0 266 756
Following
electrofocusing 1.6 49.0 307 9N

*Heuured with water as the electron donor
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creased the light-induced 4 due to C-550 (trace d, Fig. 12). We
assume that Cyt bsss is present in these Fir preparations but altered
to a low potential form which is not reducible by ascorbate.
However, a dithionite-minus-ferricyanide difference spectrum of
this sample did show the presence of Cyt bsss (data not shown). It
is apparent from a comparison of curves a and d in Figure 12 that
C-550 is enriched appreciably in the Fr fraction.

The mol wt of the six polypeptide bands of Fi noted on the
SDS-PAGE (Fig. 7) were estimated from a calibration with
marker proteins (Fig. 13) to be 55,400, 52,400, 33,700, 17,400,
15,300, and 14,200 (maximum variation + 2,600). If the area under
the bands in Figure 7 is divided by the estimated mol wt, the six
components are present at equal ratios (1 + 0.1). We take this
result to indicate that all six are valid functional or structural
components of Fir.

Effect of Triton. The influence of Triton on the purified frac-
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FI1G. 13. SDS-PAGE determination of the mol wt of the five polypep-
tides from the purified Fii preparation. See Figure 7 and text for further
explanations.

SATOH AND BUTLER

Plant Physiol. Vol. 61, 1978

tions was examined because it had been noted earlier (13) that the
Chl protein of PSI isolated by Shiozawa et al. (14) (CPI) showed
a fluorescence emission spectrum at —196 C which was very
similar to that of the Chl a/b protein. It appeared that the presence
of Triton in the procedures used to obtain CPI caused the emission
maximum to shift from 735 nm to about 685 nm. The effect of
0.1% Triton on the spectral properties of the F fraction is shown
in Figure 14. At —196 C the longer wavelength absorbing forms
of the antenna Chl were shifted to shorter wavelength in the
presence of the Triton and the emission spectrum was altered
from a relatively broad band at 734 nm to a much narrower band
at 679 nm with a marked increasg in intensity. (The F; fraction
used here was not a peak fraction from the Ampholine column so
that there was a small contamination by Fm which gives the small
fluorescence maximum at 680 nm.) At room temperature where
the fluorescence yield of Fi is virtually negligible the addition of
the Triton caused a marked increase in the 680 nm emission band.

Similar, though less dramatic, effects were observed on addition
of 0.1% Triton to the Fi as well (Fig. 15). The 683 nm absorbing
form of Chl (seen as the long wavelength shoulder on the absorp-
tion spectrum N) was shifted to 670 nm, the fluorescence at —196 C
was shifted from 685 to 679 nm, and the intensity of fluorescence
at both room temperature and at —196 C was increased by about
a factor of 2 by the Triton. We conclude that Triton disengages
some of the Chl from the active photochemical apparatus.

DISCUSSION

The emission spectra of the purified fractions Fi, Fi, and F at
—196 C support the assumption that the fluorescence emission
from each of the three antenna beds of Chl in chloroplasts can be
measured separately at —196 C with little overlap from the other
two. The emission spectrum of PSII in chloroplasts at —196 C is
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FiG. 14. Absorption spectra measured at —196 C (A) and fluorescence emission spectra measured at —196 C (B) and at 20 C (C) of the purified F:
preparations (8 ug of Chl/ml) in the presence (T) and absence (N) of 0.1% Triton X-100. The multiplication factors adjacent to the emission spectra
indicate the factor by which the sensitivity was increased for the measurements.
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FiG. 15. Absorption spectra measured at —196 C (A) and fluorescence emission spectra measured at —196 C (B) and at 20 C (C) of the purified Fu
presence (T) and absence (N) of 0.1% Triton X-100.
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shifted about 10 nm to longer wavelength from the spectrum of
the purified Fir fraction which aids the spectral discrimination of
Fn and Fm in vivo.

The fourth derivative spectra of Fy, Fr;, and Fi; at —196 C show
characteristic absorption maxima which can be correlated with
similar maxima observed in the fourth derivative spectra of chlo-
roplasts at —196 C (5). The digitonin treatment used to separate
the various fractions did not alter the absorption bands to any
appreciable extent. However, that would not have been the case
if Triton had been present in the separation procedures.

The similarity between the fluorescence excitation spectra and
the absorption spectra of F; (compare Figs. 9 and 10) and of Fy
(Fig. 8) indicates that all of the pigments are fixed to the particles
or protein aggregates and that there is an efficient transfer of
energy from the shorter wavelength forms to the longest wave-
length pigment which emits the fluorescence. Each particle in the
fraction contains the complement of pigments which is character-
istic of that fraction. We conclude that Triton disengages some of
the antenna Chl molecules from the active photochemical appa-
ratus.

The 735 nm fluorescence of chloroplasts at —196 C has been
attributed to a long wavelength form of Chl, C-705, which traps
excitation energy from the antenna Chl system of PSI (3). It is
apparent from a comparison of the fluorescence excitation spec-
trum of the Fi fraction (Fig. 10) with the low temperature absorp-
tion spectrum of that fraction (Fig. 9) that the direct excitation of
C-705 excites the 735 nm fluorescence more efficiently than the
indirect excitation via energy transfer from the antenna Chl. That
same relationship was noted previously in studies of energy trans-
fer in spinach chloroplasts (16) and in flashed bean leaves (18) at
—196 C. We propose that C-705 and P700 compete for the energy
in the antenna Chl of PSI. For wavelengths shorter than 700 nm
absorbed predominantly by the antenna Chl, the excitation is
divided between the two trapping species; at wavelengths longer
than 700 nm, C-705 becomes the predominant absorber (at
—196 C) so that the yield of fluorescence at 735 nm increases in
this long wavelength region. We also assume that C-705 only
forms on cooling to low temperature and that the temperature
dependence of the 735 nm fluorescence band reflects the temper-
ature dependence for the formation of C-705.
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